L ung transplantation is a complex, life-saving treatment for patients with end-stage pulmonary disease. Although early survival has improved in the past decade, primary graft dysfunction (PGD), a form of acute lung injury that develops in the initial 72 hours after surgery, remains an important cause of early postoperative morbidity and mortality. 1 PGD is categorized into grades of severity by the International Society of Heart and Lung Transplantation consensus definitions. 2, 3 Grade-3 PGD, the most severe form, occurs in up to 25% of patients and is associated with prolonged mechanical ventilation, early mortality of 16% to 36%, 4, 5 and development of chronic lung allograft dysfunction, which is a serious complication that worsens the long-term survival after lung transplantation. 6 Because a severe form of PGD is associated with substantial mortality and morbidity, identifying risk factors for its development may provide opportunities to improve outcomes of patients having lung transplantation. Donor risk factors for PGD include advanced age, smoking history, and prolonged lung ischemic time. [7] [8] [9] [10] Variables associated with the recipient, such as the underlying transplant diagnosis and pulmonary hypertension, also increase the risk for PGD. [11] [12] [13] Most of these factors, however, are not amenable to modification.
Few studies focus on the intraoperative anesthetic management of patients undergoing lung transplantation and particularly on the relationship between intraoperative fluid management and subsequent development of PGD. Several exploratory analyses suggest that elevated intraoperative cardiac filling pressures and large volumes of BACKGROUND: Severe primary graft dysfunction (PGD) is a major cause of early morbidity and mortality in patients after lung transplantation. The etiology and pathophysiology of PGD is not fully characterized and whether intraoperative fluid administration increases the risk for PGD remains unclear from previous studies. Therefore, we tested the hypothesis that increased total intraoperative fluid volume during lung transplantation is associated with the development of grade-3 PGD. METHODS: This retrospective cohort analysis included patients who had lung transplantation at the Cleveland Clinic between January 2009 and June 2013. We used multivariable logistic regression with adjustment for donor, recipient, and perioperative confounding factors to examine the association between total intraoperative fluid administration and development of grade-3 PGD in the initial 72 postoperative hours. Secondary outcomes included time to initial extubation and intensive care unit length of stay. ANesthesiA & ANAlgesiA intraoperative colloid solutions are associated with hypoxemia and prolonged mechanical ventilation, 14, 15 but these studies are limited by small sample size, potential residual confounding, and varying definitions of PGD. Furthermore, they combined all grades of PGD into a single category, resulting in significant heterogeneity in severity of illness and associated mortality, thus limiting the ability to identify the important risk factors. Although published guidelines for lung transplantation recommend restrictive perioperative fluid administration, 16, 17 conclusive evidence supporting this recommendation is lacking.
Our objective was thus to examine the association between the total volume and type of fluids given during lung transplant surgery and development of grade-3 PGD. Specifically, we tested the primary hypothesis that total intraoperative fluid volume is positively associated with development of grade-3 PGD after lung transplantation. We also tested our secondary hypothesis that individual components of fluid therapy have a positive association with the development of grade-3 PGD.
METHODS
The study was approved by the IRB who waived the requirement for written informed patient consent. We examined records of patients who had lung transplantation at the Cleveland Clinic between January 2009 and June 2013. Prospective evaluation for PGD was recorded in 98% of patients having lung transplantation after 2009. Patient data were obtained from the Electronic Data Interface of Transplantation at the Cleveland Clinic. Postoperatively, patients were managed by a dedicated team of lung transplant pulmonologists who evaluated graft function to determine the presence and severity of PGD in the first 72 hours after surgery. The assessment of the severity of PGD was performed at 0, 24, 48, and 72 hours after transplantation, and the highest grade of PGD during the initial 72 hours after lung reperfusion was recorded. Intraoperative data were retrieved from the Cleveland Clinic Perioperative Health Documentation System, which contains the electronic anesthesia record. Preoperative diagnosis, indication for transplant, and the cause of end-stage lung disease were determined from International Classification of Diseases, Ninth Revision codes.
We included adults who had single or bilateral lung transplants as a primary or reoperative procedure, performed with or without the use of cardiopulmonary bypass (CPB). Lung transplantation with concomitant cardiac operation (e.g., coronary artery bypass) was also included. Donors were either brain-dead or donation after circulatory death. Patients having multiorgan transplants were excluded.
Intraoperative monitoring of the lung transplant recipient included standard American Society of Anesthesiologists monitors supplemented with arterial and pulmonary artery catheters. A transesophageal echocardiogram was used to assess the volume status and myocardial function. The decision to use CPB was made on an individual basis depending on the recipient's apparent cardiopulmonary reserve. Donor assessment, lung procurement, and preservation followed standard procedures as previously described. 18, 19 Intraoperative fluid management consisted of crystalloid (normal saline or lactated Ringer's solution), colloid solution (5% albumin), salvaged and washed red blood cells, and/or allogeneic blood products. The decision to transfuse blood products was made jointly by the attending surgeon and anesthesiologist. The target hemoglobin typically was ≥8 g/dL, and blood component therapy was given in the setting of persistent microvascular bleeding. Hemodynamic targets included serum lactate levels, mixed venous oxygen saturation, and respiratory systolic pressure variability. Options for pharmacologic hemodynamic support included vasoconstrictor therapy with phenylephrine, norepinephrine, and vasopressin. For inotropic support, we used epinephrine and milrinone to target a cardiac index of >2.0 L/min/m 2 . Inhaled epoprostenol or nitric oxide was used as necessary for profound hypoxemia or right ventricular dysfunction attributable to pulmonary hypertension.
We recorded the total ischemia time, which included the time from the donor's cardiac arrest until harvest (warm ischemia time 1), graft preservation (cold ischemia time), and placement of the graft in the recipient until reperfusion of the graft (warm ischemia time 2). 20 We designated reperfusion of the second lung as the overall reperfusion time for bilateral lungs. We captured central venous pressure (CVP), pulmonary artery pressure, and cardiac index after pulmonary artery clamp release. Initial mechanical ventilation of the transplanted lung consisted of pressurecontrolled ventilation to target a tidal volume of 6 mL/kg ideal body weight, inspired oxygen 30% to 50% as tolerated, and positive end-expiratory pressure 10 cm H 2 O. Patients were weaned from mechanical ventilation as soon as possible postoperatively with the use of a standardized postoperative algorithm for weaning and tracheal extubation.
Study Outcomes
Our primary outcome was grade-3 PGD diagnosed prospectively by lung transplant pulmonologists during the initial 72 posttransplant hours using the consensus International Society of Heart and Lung Transplant-refined definitions (Table 1) . 21 Grade-3 PGD is defined by arterial oxygen partial pressure/fraction of inspired oxygen (Pao 2 /Fio 2 ) ratio of <200 mm Hg and bilateral infiltrates on chest radiograph. Grade-3 PGD was also defined by the use of extracorporeal life support within the initial 72 postoperative hours or use of inhaled pulmonary vasodilators for >48 hours during mechanical ventilation. The reference comparison group included patients with grade-0 (no PGD), grade-1, or grade-2 PGD. The secondary outcomes included time to initial intensive care unit (ICU) tracheal extubation (days) and length of ICU stay (days).
Statistical Analysis
Statistical analysis was performed with SAS 9.3 statistical software. We used a multivariable logistic regression model to assess the association between the primary outcome grade-3 PGD and the total volume of intraoperative fluids via a backward variable selection procedure (with stay criterion P < 0.15), starting with all variables from the univariable analysis that had a P value <0.25 ( Table 2) . We further assessed the association between grade-3 PGD and the volume of each type of fluid given including crystalloid and colloid solutions as well as packed red blood cells, 15 (14) 44 ( www.anesthesia-analgesia.org
ANesthesiA & ANAlgesiA fresh-frozen plasma, platelet concentrate, and cryoprecipitate transfusions. We considered nonlinear effects of total intraoperative fluid volume on the primary outcome using a restricted cubic spline of fluids in the multivariable logistic regression. The Pearson correlation coefficient and variance inflation factor were performed for multicollinearity diagnostics among predictors, and the logistic model fit was checked by Hosmer and Lemeshow goodness-of-fit test. The significance level for the association between grade-3 PGD and the total volume of intraoperative fluids was a P value of <0.05. The significance level for each individual component of intraoperative fluids was a P value of <0.008 (i.e., 0.05/6, Bonferroni correction), corresponding to 99.2% confidence intervals (CIs). Significance criterion for the 2 secondary outcomes was a P value of <0.025 (Bonferroni correction, 0.05/2); thus, 97.5% CIs were reported.
The association between total volume of intraoperative fluids and time to tracheal extubation and time to ICU discharge alive (length of ICU stay) was assessed with Cox proportional hazards models. Patients who died before ICU discharge were considered failures and assigned a length of stay 1 day longer than any ICU patients discharged alive. Confounding variable selection was also performed by using the univariable screen with P value <0.25 and following a backward-elimination variable selection with stay criterion P value <0.15.
Power Consideration
With an average historical incidence of 25% for grade-3 PGD, we estimated a sample size of 458 to detect a clinically important odds ratio (OR) of 1.2 between grade-3 PGD and total amount of fluids with 85% power, assuming a normal distribution for total amount of fluids with mean ± SD of 4.3 ± 1.9 (L) at 0.05 significance level.
RESULTS
Among 562 patients who were screened, 14 were excluded from the analysis because they had combined heart-lung transplantation. After reviewing the remaining 548 records, 54 patients were excluded because of a missing diagnosis of PGD (n = 36) or incomplete donor information or recipient intraoperative records (n = 18). Results from 494 patients were thus available for the final analysis (Fig. 1) . Baseline characteristics of the donor, recipient, and intraoperative variables, and their unadjusted OR (95% CI) from the univariable analysis are shown in Table 2 .
Primary Outcome
One hundred twenty-three patients (25%) developed grade-3 PGD after lung transplantation. Among these, 109 (88%) were diagnosed in the first 24 hours (defined as early PGD) and 14 (12%) developed PGD between 24 and 72 hours (late PGD). The 30-day mortality for grades 0 to 2 PGD was 2% (7 of 371 patients), whereas it was 10% (12 of 123 patients) for grade-3 PGD. Among patients with grade-3 PGD, 7 of 123 patients required extracorporeal life support in the form of extracorporeal membrane oxygenation in the first 72 hours after transplantation. Of these, 6 patients had venovenous support and 1 patient had venoarterial support. Table 3 ). The restricted cubic spline of the total volume of intraoperative fluids in multivariable logistic models showed that the nonlinear effect on grade-3 PGD was not significant (all nonlinear effect P > 0.05 with knots = 3, 4, and 5 in spline function, respectively); there was thus no need to include a quadratic or cubic term in the model. The Hosmer and Lemeshow goodness-of-fit test indicated that the model was correctly specified (P = 0.49).
Furthermore, the volume of red blood cell concentrate was significantly larger in patients who developed a severe form of PGD than those who did not (1. When we adjusted the fluid volume to a patient's weight, we found that the volume of total intraoperative fluids administered per kilogram body weight had a positive association with grade-3 PGD (adjusted OR, 1.13; 95% CI, 1.06-1.21; multivariable P < 0.001). 
Secondary Outcomes
The median [Q1, Q3] time to tracheal extubation in the cohort was 1 [0, 3] day, and the ICU stay was 5 [3, 13] days. Patients were 8% more likely to have longer ICU stay for each liter increase in the volume of total intraoperative fluids (multivariable hazard ratio, 0.92; 97.5% CI, 0.88-0.97; P < 0.001), adjusted for mechanical ventilation, idiopathic pulmonary hypertension and sarcoidosis, use of CPB, average mean pulmonary artery pressure postreperfusion, average positive end-expiratory pressure postreperfusion, and transplant year. We did not find an association between the volume of total intraoperative fluids and the time to tracheal extubation (multivariable hazard ratio, 0.97; 97.5% CI, 0.93-1.02; P = 0.17) (Fig. 2) adjusting for donor age, recipient sex, age, mechanical ventilation, chronic obstructive pulmonary disease, surgical time, use of CPB, use of intraoperative milrinone, average mean pulmonary artery pressure postreperfusion, and average positive end-expiratory pressure postreperfusion.
Patients with grade-3 PGD had longer time to tracheal extubation and ICU stay. Grade-3 PGD patients had a median [Q1, Q3] time to tracheal extubation of 3 [1, 12] days and ICU stay of 14 [5, 53] days, whereas nongrade-3 PGD patients had 1 [0, 2] and 3 [1, 12] days, accordingly.
DISCUSSION
Our investigation demonstrated that intraoperative fluid volume was associated with grade-3 PGD. Each additional liter of fluid given during surgery increased the odds for grade-3 PGD by approximately 22%. After adjustment for a patient's body weight, the odds for development of grade-3 PGD increased by 13% for each additional liter of fluid. Similar to other reports, 22 ,23 25% of our lung transplant patients developed grade-3 PGD.
Our results are consistent with the current knowledge of the complex pathophysiology of lung graft dysfunction. PGD is a manifestation of ischemia-reperfusion injury, a process that starts in the donor after brain death due to the sympathetic surge and systemic inflammation [24] [25] [26] and peaks shortly after reperfusion of the transplanted lungs. A decrease in alveolar fluid clearance [27] [28] [29] because of disruption of lymphatic drainage during lung procurement 30 further aggravates this process. These mechanisms may explain why transplanted lungs are particularly sensitive to large volume fluid administration.
Transfusion of red blood cell concentrate in our study was positively associated with severe PGD. Fifty-four percent of patients in the cohort received red blood cell transfusion during lung transplantation. Patients with grade-3 PGD were given a significantly greater volume of red blood cells than patients with lower grades of PGD. Allogenic blood transfusion may augment lung injury and predispose to PGD by causing fluid overload, increased hydrostatic forces in the pulmonary vessels, or transfusion-related acute lung injury. Consistent with this theory, the Lung Transplant Outcomes Group recently reported a significant association between blood transfusions and PGD development, 31 with transfusing more than a liter of blood being associated with a 2-fold increase in the incidence of PGD. A large meta-analysis similarly found that transfusion of red blood cells and plasma was associated with PGD development. 32 Although we found a positive association between the total amount of fluids administered and the development of grade-3 PGD, there was no such association between the nonblood components of fluid therapy (crystalloids and colloids) and grade-3 PGD. Our results contrast with 1 report 15 that found that colloid solution administration Data are presented as mean ± SD, n (%), or median [25th, 75th percentiles]. Significance criterion for the total volume of intraoperative fluids was P < 0.05. As for the individual components of intraoperative fluids, P < 0.008 (Bonferroni correction, 0.05/6) was required to claim significance. CI = confidence interval; OR = odds ratio; PGD = primary graft dysfunction. www.anesthesia-analgesia.org
ANesthesiA & ANAlgesiA was associated with prolonged mechanical ventilation and lower postoperative oxygenation. The authors speculated that increased capillary permeability along with the impaired lymphatic drainage of the transplanted lungs caused sequestration of the colloid molecules in the extravascular lung space. However, they gave a colloid with a smaller molecular weight (Gelofusine ® ; B. Braun, Australia, molecular weight 30,000 Da), rather than 5% human albumin (molecular weight 65,000 Da), which is our usual colloid therapy. Given the difference in the molecular weight, their findings cannot be generalized to other colloid solutions.
Fluid administration may also contribute to PGD by increasing cardiac filling, which in turn increases pulmonary blood flow and aggravates ischemia-reperfusion injury. 33 An increased CVP, defined as CVP >7 mm Hg after lung reperfusion, has been associated with prolonged mechanical ventilation, longer ICU stay, and increased mortality.
14 These authors used CVP as a surrogate for increased fluid administration and concluded that low cardiac filling pressures may improve outcomes in lung transplant patients. In our study, overall postreperfusion CVP did not differ significantly between patients who developed grade-3 PGD and those who did not, suggesting that the amount of fluid administration, rather than the CVP per se, is associated with graft dysfunction. We note that CVP is a poor marker of intravascular volume status and cardiac loading conditions because it not only reflects the intravascular volume but also venous tone and right ventricular function. 34 Although high-quality evidence of the influence of fluid administration on lung graft function is lacking, the current clinical recommendations include judicious fluid administration in patients undergoing lung transplantation. 35 Consistent with these recommendations, implementation of hemodynamic and fluid administration guidelines for management of postlung transplant patients resulted in less positive postoperative fluid balance and reduced postoperative PGD severity. 36 Our study differs from previous analyses in several ways. First, we used the current International Society of Heart and Lung Transplantation classification to define PGD. 2, 21 Second, the diagnosis was made prospectively by pulmonologists with expertise in the management of patients having lung transplantation. This contrasts with previous studies, which identified PGD retrospectively from the patients' records using Pao 2 /Fio 2 ratio alone or in combination with radiographic findings. 14, 15, 23 This approach is problematic because the Pao 2 /Fio 2 ratio and radiographic findings are nonspecific and may be altered in other conditions leading to pulmonary edema such as left ventricular failure, hyperacute rejection, lung infection, or obstruction of pulmonary venous flow. Third, we examined only patients with the most severe form of PGD because it causes the worse clinical outcomes. Although most patients develop a mild form of graft dysfunction in the first 6 to 12 hours after surgery, that appears to have little clinical importance. In contrast, grade-3 PGD substantially increases 30-day and overall mortality rate. 4 Previous studies examining the effect of perioperative fluid administration on lung graft function included patients with less stringent definitions of graft dysfunction and varying degrees of severity. 23, 37 In contrast, we focused specifically on prospectively identified and well-documented grade-3 PGD. Finally, as a high-volume lung transplant center, we included a large number of patients accrued over a short period, thus reducing the potential effects of time-dependent practice changes although we nonetheless adjusted for year of surgery.
Our study is retrospective and has limitations inherent with this study design. Although our analysis adjusted for numerous potential confounding factors, we cannot exclude unobserved confounding. More importantly, fluid intake and balance in the early postoperative period were not recorded; however, approximately 90% of our patients developed grade-3 PGD shortly after reperfusion and within 24 hours. We believe that the major contributor to overall fluid volume is the intraoperative course due to the hemodynamic changes with reperfusion and during surgical hemostasis. This theory is supported by a landmark study 21 showing that Pao 2 /Fio 2 at 6 hours after lung reperfusion is the most important predictor of duration of mechanical ventilation. Furthermore, there is substantial variance in the oxygenation index in the first 12 hours after reperfusion, which stabilizes thereafter-emphasizing the vulnerability of the transplanted lungs during the initial reperfusion hours.
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